Patients with Pompe disease have realized significant medical benefits due to enzyme replacement therapy (ERT) infusions with alglucosidase alfa. However, regular infusions are time-consuming. Utilizing recommended infusion rates, infusion duration is 3 h 45 min for a patient receiving the standard dose of 20 mg/kg, not including additional time needed for preparation of ERT, assessment of vital signs, intravenous access, and postinfusion monitoring. Recent studies have demonstrated increased effectiveness of higher dose of ERT (40 mg/kg) in infantile-onset Pompe disease (IOPD), which increases the infusion duration to 6 h 36 min. Increased infusion durations compound the psychosocial burden on patients and families and potentially further disrupt family activities and obligations. We developed a stepwise infusion rate escalation protocol to administer higher dose ERT safely while decreasing infusion duration, which has been implemented in 15 patients to date. Reported here in detail are five patients with IOPD on 40 mg/kg/weekly ERT in whom infusion duration was decreased with individualized, stepwise rate escalation. All patients tolerated rate escalations above the recommended rates without experiencing any infusion associated reactions and experienced a reduction in infusion duration by 1 h and 24 min with a corresponding increase in reported satisfaction. Our experience with ERT rate escalation is presented. Synopsis: A careful stepwise method of enzyme replacement therapy (ERT) rate escalation can safely reduce infusion duration in patients with Pompe disease.
Introduction
Pompe disease is an autosomal recessive lysosomal storage disorder (LSD) caused by deficiency of the enzyme acid alpha-glucosidase (GAA) [1] . GAA degrades lysosomal glycogen and its deficiency leads to accumulation of glycogen in multiple tissues, particularly in skeletal, smooth, and cardiac muscle [2] . Classic infantile-onset Pompe disease (IOPD) is the most severe phenotype with onset of symptoms within the first few days to weeks of life. Patients with classic IOPD present with hypotonia, hypertrophic cardiomyopathy, myopathic facies, enlarged tongue, and without treatment, rarely survive beyond two years of age [2] .
Enzyme replacement therapy (ERT) with alglucosidase alfa has led to significant improvement in clinical outcomes in patients with Pompe disease [3] [4] [5] [6] . However, response to ERT is variable and dependent on a number of factors including phenotype, age at ERT initiation, extent of preexisting pathology, cross-reactive immunologic material (CRIM) status, and rhGAA IgG antibody titers [7] [8] [9] [10] . While the benefits of ERT are considerable, patients often have residual physical impairments including muscle weakness, hearing loss, risk for arrhythmias, hypernasal speech, and dysphagia with risk for aspiration, ptosis, and osteopenia [11] .
One strategy to minimize residual physical impairments is to administer ERT at a higher dose and frequency than 20 mg/kg every other week (EOW) as recommended in the Lumizyme® package insert [12] [13] [14] [15] . Prior clinical trials and published case reports have demonstrated that patients with IOPD can safely tolerate up to 40 mg/kg (referred to as higher dose ERT) every week [12] [13] [14] 16] . A recent study of CRIM-positive IOPD patients receiving higher dose ERT demonstrated respiratory and motor improvements compared with patients treated with 20 mg/kg/EOW [14] . Consequently, ERT at doses > 20 mg/kg is increasingly utilized in clinical practice [12, 14, 16] .
As the dose of ERT increases, so does the total infusion duration. However, little is known about the effect of longer infusions on the psychosocial wellbeing of patients and their families. Increased infusion duration may compound the psychosocial burden and potentially further disrupt family activities and obligations. A study examining the impact of ERT on patients with LSDs found that while families were generally positive in regards to the health benefits of ERT, time spent getting infusions led to a feeling of "missing out" [17] .
For the standard dose of 20 mg/kg, the recommended infusion rates are 1 mg/kg/h (30 min), 3 mg/kg/h (30 min), 5 mg/kg/h (30 min), and 7 mg/kg/h (remainder of the infusion) [15] . Therefore, the infusion duration for 20 mg/kg is 3 h 45 min and 40 mg/kg is 6 h 36 min. This can be a burdensome weekly time commitment for patients and their families. To administer higher dose ERT while reducing infusion duration, safe infusion rate escalation is needed. We developed an infusion rate escalation protocol with the goal of increasing the maximum infusion rate higher than the recommended 7 mg/kg/h and to safely reduce infusion duration. This infusion rate escalation protocol has been implemented successfully in 15 patients with either IOPD or lateonset Pompe disease (LOPD). Details on five patients with IOPD who were receiving higher dose ERT and who completed the infusion rate escalation protocol at Duke University are presented, along with guidelines for safely implementing rate escalation. In two of the five patients, the maximum infusion rate administered was increased to 11 mg/kg/h and the duration of initial rates (1, 3, 5, 7, 9 , and 10 mg/ kg/h) was shortened further reducing infusion time to 4 h 45 min (data not presented), whereas the other three patients have been infused at a maximum rate of 10 mg/kg/h.
Methods
Patients were selected for infusion rate escalation based on the following criteria; 1) a confirmed diagnosis of Pompe disease as described previously [2, 18] , 2) treatment with higher dose ERT for at least six months, 3) low rhGAA IgG antibody titers (defined as antibody titers of < 12,800) [19] , and 4) no history of severe IARs. Stepwise infusion rate escalation was performed clinically, not as a research protocol, at Duke University. Clinical data including demographics, GAA variants, infusion history, rhGAA IgG antibody titers (determined by Genzyme), and history of IARs were extracted from patient electronic health records. Written informed consent was obtained for collection and analysis of clinical data under Duke Institutional Review Board (IRB)-approved protocol 00010830 (A long-term follow up study of Pompe disease) and/or protocol 00001562 (Determination of CRIM status in Pompe disease).
Infusion rate escalation
Prior to infusion rate escalation, patients were receiving higher dose ERT at the recommended infusion rates of 1, 3, 5, and 7 mg/kg/h per package insert [15] (Fig. 1) . The target for escalated ERT infusion rate was a maximum of 10 mg/kg/h, achieved safely and systematically via addition of rates of 9 and 10 mg/kg/h (Fig. 1 ). Patients were transitioned to the target rate in a variable number of phases. Each phase consisted of either adding or removing rates above 7 mg/kg/h in increments of 0.5 mg/kg/h. Rate adjustments were determined by the treating physician (PSK) based on patient circumstances. Each phase continued for a minimum of four infusions and patients were monitored for IARs during each ERT infusion. Patients proceeded to the next phase once tolerance to the increased infusion rate was established. A conservative, stepwise infusion rate escalation example is outlined in Table 1 . The exact infusion rate protocol detailed in Table 1 was utilized for Patient 1, all other patients received customized infusion rate escalation, which either combined or further divided the presented phases.
Psychosocial assessment
A parent or legal guardian of each patient who completed the infusion rate escalation protocol at Duke University was surveyed on the psychosocial impact of infusions on their child and family. Parents/ guardians were asked to rate their satisfaction with the amount of time it took for an infusion before and after rate escalation, using a 7-point Likert scale from 1-very dissatisfied to 7-very satisfied. Parents/guardians were also asked to complete the following three qualitative questions; "What do you think about the amount of time needed for infusions?", "How do you think shortened infusion lengths could impact children and families?", and "What has been the impact of shortened infusion lengths on your child/family?"
Results
Fifteen patients met the inclusion criteria for infusion rate escalation. Ten patients completed rate escalation at other institutions with guidance from PSK. Five IOPD patients who completed the infusion rate escalation protocol at Duke University are presented. Patient demographics, GAA variant data, age at diagnosis, age at ERT initiation, rhGAA IgG antibody titers prior to rate escalation, and history of IARs are shown in Table 2 .
Demographics and ERT dosing history
All patients initiated ERT at the standard dose of 20 mg/kg/EOW. The dose and frequency of ERT gradually increased to 40 mg/kg/ weekly because of clinical plateau or decline observed with increasing levels in creatinine kinase (CK), aspartate transaminase (AST), alanine transaminase (ALT), and urinary glucose tetrasaccharide (Glc 4 ), not presented here. All five patients were receiving infusions at home.
Patient 1
Patient 1 is a 10-year-old CRIM-positive, Caucasian female. She was diagnosed with IOPD at age 6.5 months and started receiving ERT with alglucosidase alfa at 20 mg/kg/EOW at 7 months of age. Her dose of ERT increased gradually to 40 mg/kg/weekly at the age of 7 years, 9 months. Rate escalation was initiated at the age of 8 years, 
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10 months, after 13 months of higher dose ERT.
Patient 2
Patient 2 is an 11-year-old CRIM-positive, African-American male. He was diagnosed with IOPD at age 1 year, 3 months and started ERT with alglucosidase alfa at 20 mg/kg/EOW at the age of 1 year, 4 months. His ERT dose increased gradually to 40 mg/kg/EOW at the age of 9 years, 4 months and 40 mg/kg/weekly at the age of 9 years, 6 months. Rate escalation was initiated at the age of 10 years, 2 months after 10 months of higher dose ERT.
Patient 3
Patient 3 is an 11-year-old CRIM-positive, Caucasian male diagnosed with IOPD at birth, due to a positive family history. He started ERT with alglucosidase alfa at 20 mg/kg/EOW at age 15 days. His ERT dose was increased to 40 mg/kg/EOW at the age of 8 years, 7 months and to 40 mg/kg/weekly at 10 years of age. Rate escalation was initiated at the age of 10 years, 2 months after 19 months of higher dose ERT.
Patient 4
Patient 4 is a 12-year-old CRIM-positive, Caucasian male. He was diagnosed with IOPD at the age of 2.7 months and started ERT at age of 2.9 months with alglucosidase alfa at 20 mg/kg/EOW. His ERT dose increased gradually to 40 mg/kg/weekly at the age of 10 years, 2 months. Rate escalation was initiated at the age of 11 years, 7 months after 17 months of higher dose ERT.
Patient 5
Patient 5 is a 14-year-old CRIM-positive, Hispanic male. He was diagnosed with IOPD at age 6.8 months and started ERT at the age of 7.3 months with alglucosidase alfa at 20 mg/kg/EOW. His ERT dose was increased to 40 mg/kg/EOW at the age of 10 years, 5 months and increased to 40 mg/kg/weekly at 12 years, 2 months. Rate escalation was initiated at the age of 13 years, 3 months after 34 months of higher dose ERT.
Safety monitoring
None of the reported patients had a history of IARs except Patient 4, who began having hives at the age of 6 years without identified triggers. Hives appeared intermittently since that time, and were controlled with the use of cetirizine and diphenhydramine as needed. All patients maintained low rhGAA IgG antibody titers throughout the course of infusion rate escalation.
Infusion rate escalation
Patients received individualized rate escalation as determined by the treating physician based on individual patient circumstances and experiences with rate escalation in prior patients. Phases 1 through 7 of the rate escalation protocol (Table 1) Recommended rate
⁎ Infusion rates should be administered for 30 min each with the exception of the maximum infusion rate at each phase, which should be administered for the remainder of the infusion. 
Psychosocial results
A parent or guardian of all five patients completed the questionnaire evaluating the psychosocial impact of infusion duration on their child and family. All parents/guardians were generally satisfied with infusion duration before and after rate escalation. Mean satisfaction with infusion duration increased from 5.4/7 prior to infusion rate escalation to 6.4/7 after infusion rate escalation. Two parents/guardians reported increased satisfaction with infusion duration after infusion rate escalation. Reported satisfaction did not change for three parents/guardians. However, two of the parents/guardians without increased satisfaction reported maximum satisfaction (very satisfied) before initiation of infusion rate escalation, leaving no room for improvement.
Parents/guardians reported prioritizing their child's health and safety of the treatment over infusion duration. One mother wrote, "I want the time to go as fast as possible without thinking that there could be issues. If it needs to be slower for whatever reasons, or better outcomes, then I am fine with it. However, if the outcome is the same… the faster the better!" Parents/guardians reported that shorter infusion durations allow their child time for other activities, reduce boredom and result in less absence from school. Two of the parents/guardians reported that infusion duration, although shorter, did not significantly change after rate escalation. One mother wrote, "It hasn't changed much! It would be great if infusions were changed drastically by hours."
Discussion
Enzyme replacement therapy with alglucosidase alfa for IOPD has been available for over a decade, effectively transforming a formerly fatal disease into a treatable, though not yet curable, disorder. While ERT has revolutionized treatment for patients with IOPD and significantly improved clinical outcomes, quality of life remains reduced due to residual physical impairments. Immune modulation and earlier initiation of treatment through newborn screening initiatives have mitigated some of these challenges. An additional approach to maximize therapeutic benefit is to increase the frequency and/or dose of infusions beyond the standard dosing regimen of 20 mg/kg/EOW. Initial reports indicate that patients with IOPD receiving ERT at a dose of 40 mg/kg/weekly experience respiratory and motor improvements without increased risks of IARs [14] . Higher dose ERT increases infusion duration to 6 h 36 min from 3 h 45 min when utilizing the recommended infusion rates. However, the time spent by a patient at an infusion center is longer because of the additional time needed for preparation of the infusion, assessment of vital signs, premedication, intravenous/port access, and post-infusion patient monitoring. Patients with IOPD also receive multidisciplinary care requiring time commitments to various subspecialties in addition to time needed for weekly or EOW ERT infusions. All five patients reported here are either home schooled or attending school, similar to other long-term survivors with IOPD. Parents/guardians were generally satisfied with infusion duration but reported a desire to further minimize infusion duration without compromising treatment efficacy or safety. Shortened infusion duration may translate to more time available for studies and extracurricular activities, and reduced boredom, especially in children as they get older.
This report presents the effectiveness, safety, and psychosocial impact of escalated infusion rates in five patients with IOPD receiving higher dose ERT. All patients tolerated rate escalations above the standard dosing protocol and experienced a reduction in infusion duration of 1 h 24 min with corresponding increase in mean reported satisfaction. In addition, frequency of IARs did not increase after the implementation of rate escalation. Infusion rate escalation can be safely achieved in home infusion settings as many of our patients were receiving home infusion. Successful infusion rate escalation utilizing the protocol described here has also been completed for 10 additional patients receiving infusions at other institutions.
While rate escalation can reduce infusion duration, it should be performed with care as these are increased infusion rates beyond what is recommended in the package insert [15] . Our recommendations for implementing rate escalation are: 1) prior to initiation of rate escalation, patients should complete ERT utilizing recommended infusion rates without significant IARs for at least six months [15] , 2) patients should have low rhGAA IgG antibody titers (defined as antibody titers of < 12,800) prior to initiating rate escalation, due to the greater likelihood of IARs in patients with high rhGAA antibody titers [4] , 3) rate escalations should be performed gradually, in a stepwise fashion as exemplified in Table 1 ; and 4) patients should be monitored closely and only transitioned to the next phase of rate escalation once patient tolerance has been established to the current infusion rate. These recommendations should be individualized according to patient circumstances and clinical judgement.
Additional efforts into further decreasing infusion duration without compromising safety are warranted. One possibility may be to decrease the 30 min duration of recommended infusion rates (1, 3, 5, and 7 mg/ kg/h) and/or go beyond the maximum rate reported here of 10 mg/kg/ h. This has already been completed in one patient to our knowledge, an 18-month-old Caucasian female with the "late-onset" GAA variant who is being treated with ERT at 20 mg/kg/EOW at another institution. For this patient, the infusion rates (1, 3, 5, 7, and 9 mg/kg/h) are utilized for 15 min each and the remaining ERT dose is completed at 10 mg/kg/ h. Infusion duration has been reduced from 3 h 45 min to 2 h 50 min. In Patient 1 and Patient 3, infusion rate of 11 mg/kg/h has been added along with shortened initial infusion rates (1, 3, 5, 7, 9, and 10 mg/kg/ h) to further reduce the infusion duration. For Patient 1 and Patient 3, total infusion duration was reduced by 1 h 51 min from 6 h 36 min to 4 h 45 min.
Patient circumstances may add additional challenges to rate escalation. For example, patients undergoing home infusions are constrained by the processing of orders and delivery of new pumps with updated rates, likely slowing transition to the target infusion rate. Ultimately, a careful stepwise method of ERT rate escalation can reduce infusion durations significantly in patients with Pompe disease. The addition of infusion rates 9 and 10 mg/kg/h reduces infusion duration by 1 h 24 min for patients receiving ERT at 40 mg/kg. This approach, while exemplified in patients with Pompe disease receiving ERT at 40 mg/kg, can potentially reduce infusion duration for patients with Pompe disease receiving ERT at any dose and perhaps in patients with other diagnoses treatable with ERT. Although we do not have experience with CRIM-negative IOPD, we believe infusion rate escalation can be safely implemented in patients with CRIM-negative IOPD if the above recommendations are followed carefully.
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